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Copyright © 2009 JCBN Summary An oxidized frying oil (OFO) diet has been reported to induce an increase in lipid
peroxidation and a reduction in vitamin E status in animal tissues. This study was performed
to investigate how vitamin E metabolism is influenced by OFO. Male Wistar rats were divided
into three groups, a control group (CO) and two OFO-fed groups (OF and OFE). The diet of
the OFE group was supplemented with an extra 50 mg/kg of α-tocopherol acetate and thus
contained twice as much vitamin E as that of the OF group. After six weeks on these diets,
liver α-tocopherol levels in the OF group were the significantly lowest among the three groups.
Excretion of the α-tocopherol metabolite, α-carboxyethyl hydroxychroman (α-CEHC) in the
urine was significantly lower in the OF group than in the other two groups. There were no
significant differences in protein levels of α-tocopherol transfer protein (α-TTP) and multidrug
resistance protein among the three groups. Protein levels of cytochrome P450 monooxygenase
(CYP) 3A, CYP4A, and catalase were markedly increased in both groups on the OFO diet.
This suggests that an OFO diet may interfere with medicine metabolism and needs further
investigation.
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Introduction
Fried foods are popular and provide a high fat source in
the diet. Levels of lipid peroxide and toxic polymer [1] and
polar compounds [2] increase with time during the frying
process due to oil oxidation. The effects of oxidized frying
oil (OFO) on animals has been widely studied. The induc-
tion of total cytochrome P450 monooxygenase (CYP) activity
[3] by OFO suggests that OFO contains substances that
need to be metabolized by CYPs in the liver. CYP1A1 [4]
and CYP4A1 [5] protein levels and CYP4A1 and CYP2E1
mRNA levels [6] are also increased when rats are fed
thermally oxidized dietary fat.
In rats fed an OFO-diet, increased oxidative stress is an
important issue, since higher lipid peroxidation and lower
vitamin E status have been reported [7–9]. Vitamin E is an
important lipid soluble-antioxidant in oil and biomolecules.
Loss of vitamin E during heating and the reduced absorption
of dietary vitamin E are factors causing a decreased vitamin
E status in rats fed an OFO diet [9]. A faster catabolism/turn-
over of vitamin E in OFO diet-fed rats was suggested by Liu
and Huang [10], who found higher excretion of radiolabeled
vitamin E in the urine and feces after 14C-tocopherol injec-
tion, but the mechanism is still uncertain.
This study was performed to investigate how vitamin E
metabolism is influenced by OFO. First, levels of the
metabolite product of α-tocopherol in the urine, α-Oxidized Frying Oil and α-tocopherol Metabolism
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carboxyethyl hydroxychroman (α-CEHC) [11], might be
increased if α-tocopherol catabolism in liver were enhanced.
α-CEHC is reported to be produced by cytochrome P450 3A
(CYP3A), the xenobiotic metabolizing enzyme [12,  13].
Second, since α-tocopherol can be excreted in the feces
with bile [14], the higher levels of radiolabeled α-tocopherol
in the feces could come from increased bile excretion.
Multidrug resistance (MDR) protein, or P-glycoprotein, in
the liver is involved in the biliary excretion of various drugs
and xenobiotics [15, 16]. Third, plasma α-tocopherol levels
might be decreased by lower secretion of α-tocopherol from
the liver by downregulation of the expression of α-
tocopherol transfer protein (α-TTP). Levels of proteins
related to vitamin E metabolism (CYP3A, MDR1, and α-
TTP) and antioxidant enzymes in the rat liver were therefore
measured in this study.
Materials and Methods
Materials
The α-CEHC standard was generously donated by Dr. C.J.
Huang (Laboratory of Nutritional Biochemistry, Institute of
Microbiology and Biochemistry, National Taiwan University,
Taipei, Taiwan). Primary antibodies against rat α-TTP were
prepared as described previously [17] except they were
raised in a rabbit instead of Balb/c mice. Antibodies
obtained as the following: rabbit anti-rat CYP3A1 poly-
clonal antibody (Chemicon, Billerica, MA); goat anti-rat
CYP4A (Daichi pure chemicals, Tokyo, Japan); mouse
monoclonal to β-actin, mouse monoclonal (C219) to P
Glycoprotein, MDR1, rabbit polyclonal to superoxide dis-
mutase (SOD), rabbit polyclonal to glutathione peroxidase
(GPx) and rabbit polyclonal catalase (Abcam, Cambridge,
UK). The secondary antibodies used were: mouse IgG
antibody (Abcam, Cambridge, UK); Horseradish peroxidase-
conjugated (HRP)-goat anti-rabbit IgG antibodies (Zymed
Co., South San Francisco, CA); anti-goat HRP (KPL,
Gaithersburg, MD).
Oxidized frying oil
OFO was prepared by frying dough sheets in non-stripped
soybean oil at 205 ± 5°C for four 6-h periods, as described
previously [18]. The vitamin E-stripped fresh soybean oil,
fresh soybean oil, and OFO were analyzed for acid value,
TBA value, carbonyl values, and UV absorbance at 233 nm
[3]. The vitamin E content of the test oils was analyzed by
HPLC as described below for plasma and liver homogenate.
Animals and diets
Male Wistar rats (3-weeks-old), purchased from
BioLASCO Co. (Taipei, Taiwan), were housed individually
in stainless-steel wire cages in a room maintained at
23 ± 2°C with a controlled 12-h light/dark cycle (lights on at
7 am) and with free access to water and food. The feeding
period is 6 weeks, body weights and food intake were
recorded weekly. The compositions of the test diets (groups
OF and OFE) and control diet (group CO) are given in
Table 1. Vitamin E in oil is largely loss during the deep-frying
process [9], so vitamin E-stripped soybean oil was used as
the fat source of the control diet in this study. The vitamin E-
stripped fresh soybean oil used for group CO was prepared
from fresh soybean oil by treatment with active carbon, as
described by Liu and Huang [9] to remove vitamin E. The
diet of the OFE group was supplemented with 50 mg/kg of
Table 1. Composition of the test diets.
1Oxidized frying oil was prepared by frying dough sheets in soybean oil (President Co., Tainan, Taiwan) at 205 ± 5°C
for 24 h.
2Vitamin E-stripped fresh soybean oil was prepared using active carbon.
3Vitamin mixture contained all-rac-α-tocopheryl acetate 5000 IU/kg.
Ingredient
Group
CO OF OFE
Corn starch (g/kg) 572 572 572
Casein (g/kg) 200 200 200
Oxidized frying oil (g/kg)1 — 150 150
Vitamin E-stripped fresh soybean oil (g/kg)2 150 — —
Cellulose (g/kg) 30 30 30
Mineral mixture (g/kg) 35 35 35
Vitamin mixture (g/kg)3 10 10 10
DL-Methionine (g/kg) 3 3 3
Choline bitartrate (g/kg) 3 3 3
All-rac-α-tocopheryl acetate (mg/kg) — — 50
Final vitamin E content (mg/kg) 50 50 100W.-C. Huang et al.
J. Clin. Biochem. Nutr.
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α-tocopherol acetate to give a diet with 2-fold higher levels
of vitamin E than that of the OF group.
Tissue sampling and preparation
On the last day of the feeding period, each rat was
transferred to a metabolic cage and urine collected for the
last 24 h. The urine was kept ice-cold during collection, then
ascorbic acid was added (100 mg/mL urine) and the sample
stored at −20°C under nitrogen until used for the α-CEHC
assay. Food was then withheld overnight and the rats killed
by carbon dioxide asphyxiation in the morning. Blood was
collected from the abdominal vena cava and centrifuged at
1,000 × g for 10 min at room temperature and the plasma
stored at −80°C. A small piece of liver was homogenized
and cytosol and microsome fractions prepared as described
previously [19] and stored at −70°C until analysis.
Biochemical analysis
Concentrations of α-tocopherol in the plasma and liver
homogenate were analyzed by HPLC as described previously
[20]. Thiobarbituric acid-reactive substances (TBARS)
levels in the liver homogenate were measured using a
fluorescence method [21]. α-CEHC levels in the urine were
determined using HPLC with an electrochemical detector as
described previously [19]. Creatinine levels in the urine
were measured by colorimetric methods and triglyceride
levels in the plasma and liver were measured by enzymatic
methods using commercial kits (Randox Lab, Northland,
UK). Liver triglycerides were extracted using a 2:1 v/v
mixture of chloroform/methanol, and a 10 uL aliquot dried
down for assay.
Western blot analysis
Aliquots of the liver cytosolic fraction (for detection of
α-TTP, SOD, GPx, and catalase) or the microsomal fraction
(CYP3A, CYP4A and MDR protein detection) containing
10 μg of protein were separated by SDS-polyacrylamide
electrophoresis and transferred to a PVDF membrane. The
details of the Western blot process have been described
previously [19].
Statistical analysis
The data are expressed as the mean ± SD. The signifi-
cance of differences between two groups or among the
three groups were analyzed separately by Student’s t test or
one-way ANOVA and Duncan’s multiple range test. The
general linear model of the SAS package (SAS institute,
Cary, NC) was used, and differences were considered
significant at p<0.05.
Results
Quality and vitamin E content of the test oils
The acid value, TBA value, carbonyl value, and UV233
were all increased in the OFO compared to fresh soybean oil
(Table 2).  α-Tocopherol and γ-tocopherol levels in OFO
were decreased by 62% and 76%, respectively, indicating
vitamin E degradation during the frying period. The vitamin
E-stripped soybean oil showed the same quality as fresh
soybean oil. Levels of α-tocopherol and γ-tocopherol in the
vitamin E-stripped oil were reduced by 80% and 32%,
respectively. These results show that the active carbon
treatment procedure removed most of the vitamin E, but did
not lead to oil oxidation.
Animal growth and food intake
Food intake, feed efficiency, final body weight, and body
weight gain are shown in Table 3. There were no significant
differences in food intake among the three groups. Feed
efficiency and body weight gain in rats fed the OF and OFE
diets were significantly lower than in those fed the CO diet.
Liver weight and liver relative body weight in the OF and
OFE groups were significantly higher than in the CO group
(Table 3), results often observed in OFO-fed rats [8, 22, 23].
Table 2. Quality and vitamin E levels of the fresh soybean oil, vitamin E-stripped soybean oil, and oxidized frying
oil used in the test diet.
Fresh soybean oil
Vitamin E-stripped 
soybean oil
OFO
Quality of the oil
Acid value (mg KOH/g oil) 0.084 0.042 2.748
TBA value 3.95 2.05 23.4
Carbonyl value 99.99 97.44 111.39
UV233 (OD/g oil) 581.07 603.97 3390.33
Vitamin E in the oil
α-Tocopherol (μg/g) 69.44 13.78 26.41
γ-Tocopherol (μg/g) 187.75 128.58 43.12Oxidized Frying Oil and α-tocopherol Metabolism
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Vitamin E status and lipids
As shown in Table 4, plasma α-tocopherol levels and the
molar ratio of α-tocopherol to triglyceride in the plasma
were significantly lower in groups OF and OFE than in
group CO. Two-fold higher vitamin E levels in the diet did
not result in significantly increased plasma α-tocopherol
levels (OFE group compared to the OF group). The liver α-
tocopherol concentration and whole liver α-tocopherol
levels in the OF group were the lowest among the three
groups, followed by those in the OFE group. This shows
that vitamin E supplementation of the diet can increase α-
tocopherol levels in the livers of rats fed an OFO diet. Liver
TBARS levels were not reduced significantly by 2-fold
vitamin E supplementation (Table 4). The liver triglyceride
levels were significantly decreased in the OF and OFE
groups (about 21% and 25% of those in the CO group,
respectively). The molar ratio of α-tocopherol to triglyceride
in the liver was significantly higher in the OFE group than in
the OF and CO groups. α-CEHC excretion in the urine was
significantly decreased in the OF group, with no significant
difference between the CO and OFE groups (Table 4). The
urine α-CEHC/liver α-tocopherol ratio was highest in the
OFE group and lowest in the CO group.
Western blot of proteins related to vitamin E metabolism
There was no difference in protein levels of cytosolic α-
TTP (Fig. 1A) and microsome MDR protein (Fig. 1C)
among the three groups. Microsomal levels of CYP protein
Table 3. Food intake, feed efficiency, final body weight, body weight gain, liver weight, and liver relative body
weight of rats fed a control diet (CO) or oxidized frying oil diets (OF, OFE).
1. Each value is the mean ± SD.
2. Values not sharing a common superscript are significantly different from one another among the three groups
(p<0.05).
CO OF OFE
Food intake (g/d) 20.81 ± 1.40a 19.21 ± 1.52a 19.72 ± 1.45a
Feed efficiency (%) 36 ± 2a 33 ± 2b 33 ± 1b
Final body weight (g) 400.5 ± 28.3a 354.5 ± 14.4b 361.3 ± 15.8b
Body weight gain (g/d) 7.55 ± 0.84a 6.37 ± 0.56b 6.35 ± 1.67b
Liver weight (g) 13.44 ± 2.12b 16.32 ± 0.80a 16.77 ± 1.79a
Liver relative body weight (%) 3.47 ± 0.37b 4.87 ± 0.24a 4.90 ± 0.57a
Table 4. α-tocopherol and triglyceride levels and α-tocopherol/triglyceride ratio in the plasma and liver and α-CEHC excretion in the
urine of rats fed a control diet (CO) or oxidized frying oil diets (OF, OFE).
1. Each value is the mean ± SD.
2. Values not sharing a common superscript are significantly different from one another among the three groups (p<0.05).
CO OF OFE
Plasma
α-Tocopherol (μmol/L) 17.77 ± 4.81a 7.96 ± 3.21b 10.41 ± 4.11b
Triglyceride (mmol/L) 0.711 ± 0.146 0.698 ± 0.147 0.615 ± 0.196
α-Tocopherol/triglyceride ratio (umol/mmol) 24.76 ± 2.94a 12.04 ± 6.51b 17.28 ± 6.30b
Liver
α-Tocopherol (nmol/g) 39.32 ± 3.03a 9.94 ± 1.32c 14.58 ± 2.64b
Total α-tocopherol (nmol/liver) 527.7 ± 93.4a 162.1 ± 28.6c 244.9 ± 50.7b
Total α-tocopherol (nmol/g BW) 1.31 ± 0.13a 0.46 ± 0.07c 0.68 ± 0.12b
Triglyceride (μmol/g) 69.32 ± 24.20a 17.33 ± 5.44b 13.62 ± 4.28b
α-Tocopherol/triglyceride ratio (nmol/μmol) 0.625 ± 0.212b 0.626 ± 0.232b 1.142 ± 0.327a
TBARS (nmol/g) 19.44 ± 2.26b 26.44 ± 2.04a 24.79 ± 2.70a
Urine
α-CEHC/creatinine (μmol/mol) 21.30 ± 9.84a 11.26 ± 2.43b 19.16 ± 6.11a
α-CEHC/body weight (nmol/g BW) 0.33 ± 0.07a 0.20 ± 0.06b 0.39 ± 0.06a
α-CEHC/liver α-tocopherol (%) 25.8 ± 7.8c 45.4 ± 16.2b 59.4 ± 9.2aW.-C. Huang et al.
J. Clin. Biochem. Nutr.
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were showed in Fig. 1B. Levels of both CYP4A and CYP3A
were markedly increased in both groups fed the OFO diet.
Protein levels of antioxidant enzymes
Protein levels of the antioxidant enzymes glutathione per-
oxidase (GPx), superoxide dismutase (SOD), and catalase in
cytosol were also analyzed by Western blotting (Fig. 2).
Catalase levels were significantly increased by about 2-fold
in both the OF and OFE groups compared to the CO group.
There was no significant difference in GPx and SOD protein
levels among the three groups.
Discussion
Vitamin E in oil is largely lost during the deep-frying
process [9], so vitamin E-stripped soybean oil was used as
Fig. 1. Western blots for α-TTP (A), CYP4A and CYP3A (B), and MDR protein (C) in the liver of rats fed a control diet (CO) or oxi-
dized frying oil diets (OF, OFE). The cytosolic fraction was tested for α-TTP and the microsomal fraction for the CYPs and
MDR protein.
Fig. 2. Western blots for catalase, GPx and SOD in the liver cytosol of rats fed a control diet (CO) or oxidized frying oil diets (OF,
OFE). (A) Original image. (B) Summarized results. The ratio for the enzyme/β-actin band intensity is the mean ± SD (n =7 ) .Oxidized Frying Oil and α-tocopherol Metabolism
Vol. 45, No. 1, 2009
25
the fat source of the control diet in this study to ensure α-
tocopherol levels in the oil were closely comparable in each
group. Given the lower absorption of vitamin E (about 56%)
in OFO-fed rats [9], the amount of vitamin E absorbed into
the body could be different between the OF and CO groups,
so the OFE group was also included in this study. Since this
diet contained twice as much vitamin E as the OFO diet, the
amount of vitamin E absorbed in the OFE group should be
similar to that in the CO group.
Liver TG levels in rats fed an OFO diet are decreased
[24, 25] and this has been shown to be due to the activation
of PPAR-α and its target genes, acyl coenzyme A oxidase
and sterol regulatory element-binding protein-1, which are
involved in fatty acid oxidation, and also to a reduction in
lipogenic enzymes levels [26, 27, 28]. The increased expres-
sion of CYP4A1, which is involved in fatty acid oxidations
[27], would also contribute to the enhanced fatty acid oxida-
tion in OFO-fed rats seen in the present study.
α-Tocopherol levels in the liver and plasma were
decreased in these two OFO-fed groups. The α-tocopherol/
triglyceride ratio in the plasma in the OF and OFE groups
was reduced to 49% and 70% of that in the control group,
respectively. Since α-tocopherol is secreted from the liver
packaged with triglyceride in VLDL, one may speculate that
secretion could be impaired in rats fed an OFO diet. α-TTP,
a cytosolic protein in the liver with a high affinity for α-
tocopherol, plays a role in regulating plasma vitamin E
levels [28–31]. Its levels are decreased in rats fed a low
protein diet, which also have a lower plasma α-tocopherol/
triglyceride ratio [21]. When rats are exposed to hyperoxia
for 48 h [32], α-TTP mRNA levels are reduced and lipid
peroxidation increased. α-TTP mRNA and protein levels
are also reduced in rat hepatoma [33] and galactosamine-
induced liver injury [34]. These data reveal that α-TTP
expression is downregulated by oxidative stress. However,
in the present study, hepatic α-TTP protein levels in both
groups of rats fed the OFO diet were unchanged, although
lipid peroxidation increased. Unchanged hepatic α-TTP
protein levels are also observed in rats exposed to tobacco
smoke [35], despite a lower α-tocopherol concentrationin
lung and higher lipid peroxidation in the rat liver. The
downregulation of α-TTP levels seen in galactosamine-
induced liver injury [34] is an acute response (24–48 h),
and, since the OFO diet was fed for a long time, α-TTP
levels may have changed during the acute injury and
restored subsequently. The decreased plasma α-tocopherol
levels seen in the OFO-fed rats is therefore not due to
downregulation of α-TTP, but probably due to the lower α-
tocopherol levels in the liver.
Liu and Huang [10] demonstrated higher excretion of
radiolabeled  α-tocopherol  via both the urinary and fecal
routes in rats fed an OFO diet compared to control rats, and
predicted that α-tocopherol catabolism would be increased
in rats fed an OFO-diet. In the present study, α-CEHC, the
major metabolite of α-tocopherol in the urine, was measured
to examine the effect of OFO on α-tocopherol catabolism.
α-CEHC excretion, presented as per nmol of creatinine or
per gram body weight, was lower in the OF group than the
other two groups. This can be explained by the reduced
absorption of α-tocopherol caused by the OFO diet.
Assuming that the levels of α-tocopherol absorbed by the
OFE group were comparable to those absorbed in the CO
group, the observation that these two groups had similar
levels of α-CEHC in the urine seems reasonable. The level
of excretion of α-CEHC is reported to depend on α-
tocopherol intake and plasma α-tocopherol levels [11]. Liver
α-CEHC levels are correlated with serum levels of α-CEHC
and liver α-tocopherol levels [36]. This suggests that urine
α-CEHC levels increase when liver α-tocopherol increases.
In other words, lower hepatic α-tocopherol levels would
result in less α-CEHC in the urine. The ratio of urine α-
CEHC (per gram body weight) to total liver α-tocopherol
(per gram body weight) was therefore calculated and an
interesting phenomenon was found, namely that the ratio in
the OF and OFE groups was about 1.75- and 2.3-fold
higher, respectively, than that in the CO group. This implies
that increased excretion of α-CEHC is seen in rats fed an
OFO-diet and that the concentration of α-CEHC in the urine
alone could not be used as a sensitive indicator of vitamin E
catabolism in this study.
α-CEHC is thought to be produced by ω-hydroxylation of
α-tocopherol, followed by β-oxidation. CYP3A has ω-
hydroxylase activity and was first reported to be involved
in vitamin E metabolism because of changes in levels of
CEHC metabolites in HepG2 cells when a CYP inhibitor,
ketoconazole (KCZ), or a CYP inducer, rifampicin, was
added to the medium [12, 13]. In the present study, despite a
significant induction of CYP3A protein in both OFO-treated
groups, the excretion of α-CEHC in the urine was not
significantly increased in the OFE group compared to the
CO group. Our previous study also showed that α-CEHC
levels are not increased by CYP3A induction, but are
reduced [18].  α-Tocopherol metabolism is dependent on
CYP3A activity, but CYP3A is not a direct and major
contributor to α-CEHC metabolism. CYP3A in the liver is
responsible for more than 50% of the metabolism of
clinically used drugs [37]. The induction of CYP3A in rats
fed an OFO diet shows that this diet contained CYP3A
inducers, so there is a potential for an OFO diet to interfere
with the effectiveness of clinically used drugs.
MDR protein, or P-glycoprotein, in the liver is involved
in the biliary excretion of various drugs and xenobiotics
[15,  16]. Mdr2 knockout mice have lower biliary α-
tocopherol levels than wild-type mice [38]. These data
indicate that the MDR transporters could be responsible for
α-tocopherol excretion in the bile. Bjorneboe et al. [ 14]W.-C. Huang et al.
J. Clin. Biochem. Nutr.
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demonstrated that about 14% of injected α-3H-tocopherol is
recovered in the bile. This shows that bile is one of the
excretion pathways for tocopherol, although the amount
secreted in the bile expressed as a percentage of the α-
tocopherol concentration in the liver is only about 0.3–0.7%
[39]. Increased excretion of radiolabeled α-tocopherol in
the feces is observed in OFO-fed rats [9]. The metabolites
of α-tocopherol in the feces have not been identified due
to a lack of suitable standards. We speculated that induction
of MDR protein could be the factor that increases α-
tocopherol excretion from the bile into the feces, so MDR
protein was measured in this study, but, unexpectedly, its
levels were unchanged by the OFO diet. Mustacich et al.
[40] found that hepatic levels of MDR1 protein increase at
the same time as liver and serum α-tocopherol concentra-
tions decrease in rats receiving daily subcutaneously injec-
tions of α-tocopherol. It seems that MDR protein might be
regulated by a high dose α-tocopherol injection, but not by
the oxidative stress of OFO treatment. Many transporters are
involved in bile acid excretion in the liver, e.g. MDR2,
MDR, and the bile acid export pump [41]. These trans-
porters are regulated by PXR [42], which also activates
CYP3A, so an OFO diet could affect bile excretion, but
which protein is involved is still unknown and needs further
investigation.
The reaction steps of CYPs involve one-electron transfers,
which can give rise to by-products, such as superoxide and
hydrogen peroxide [43–45]. CYP3A-expressing microsomes
are reported to have a higher rate of superoxide production
than CYP1A1-expressing microsomes [46]. CYP4A plays a
major role in oxidative stress induced in liver microsomes
of Cyp2e1−/− mice with steatosis [47]. In a rat model of
nonalcoholic steatohepatitis, an increase in TBARS and
hepatic CYP4A1 expression is observed [48]. We therefore
suggest that the increased oxidative stress caused by induc-
tion of CYP3A and CYP4A in both OFO-fed groups
contributed to increased consumption of α-tocopherol,
leading to a lower vitamin E status and higher lipid per-
oxidation in the rat liver.
GPx, SOD, and catalase are well-known cellular anti-
oxidant enzymes and changes in enzyme activity show their
adaptation to oxidative stress [49]. The regulation of hepatic
antioxidant enzyme activity in OFO-feeding rats has been
studied previously, but the results were not consistent. GPx
and SOD activity is reported to be decreased, and catalase
activity increased, in heated and fried oil-fed rats [50]. In
rats fed 10% heated oil, GPx activity in the liver is reported
to be increased [1]. In our study, we measured protein
levels of antioxidant enzymes and found no change in GPx
and SOD levels in rats fed the OFO diet. In contrast, catalase
protein levels were significantly increased in the OFO-fed
groups, which is agreement with the results for catalase
mRNA in rats [6], catalase activity in mice [23] fed an OFO
diet, and those mentioned above. Catalase is a peroxisome
enzyme which cleaves hydrogen peroxide. OFO causes
peroxisome proliferation by activating PPARα [5] and this
could be the cause of the increased levels of catalase protein
in OFO-fed rats.
In this study, 15% fat in diet (w/w) was used. Indeed,
this is a high fat diet to rats since the oil percentage
recommended by AIN-76 [51] and AIN-93G [52] is 5% and
7% fat in diet. The typical Western diet contains high
thermally oxidized fats. In fast food restaurants and Chinese
food-stall, fat is heated for up to 18 h daily. The heated
fats are continually used for up to 1 wk before they are
discarded. Assuming that the dry-weight of total food intake
in one day a person is 500 g [53], 15% fat (w/w) in the diet
is equal to 75 g fat. The total energy a day from fat is about
33.75%. If a person always choose fried food as their dietary
fat source, it is possible to consume large amount of OFO in
daily life.
In conclusion, dietary OFO had no effect on protein levels
of MDR protein and α-TTP, despite a decrease in the plasma
α-tocopherol/triglyceride ratio. CYP3A expression was
induced by OFO, suggesting that an OFO diet might inter-
fere with drug metabolism and this needs further investiga-
tion.
Acknowledgments
Dr. C.J. Huang (Laboratory of Nutritional Biochemistry,
Institute of Microbiology and Biochemistry, National
Taiwan University, Taipei, Taiwan) is gratefully acknow-
ledged for allowing us to use the electrochemical detector
HPLC. This work was supported by the National Science
Council, Taiwan (grant number NSC-95-2320-B-041-001).
Abbreviations
α-CEHC,  α-carboxyethyl hydroxychroman; α-TTP,  α-
tocopherol transfer protein; CYP, cytochrome P-450; GPx,
glutathione peroxidase; OFO, oxidized frying oil; SOD,
superoxide dismutase; TBARS, thiabarbituric acid-reactive
substance.
References
[1] Saka, S., Aouacheri, W., and Abdennour, C.: The capacity of
glutathione reductase in cell protection from the toxic effect
of heated oils. Biochimie, 84, 661–665, 2002.
[2] Velasco, J., Marmesat, S., Berdeaux, O., Marquez-Ruiz, G.,
and Dobarganes, C.: Quantitation of short-chain glycerol-
bound compounds in thermoxidized and used frying oils.
A monitoring study during thermoxidation of olive and
sunflower oils. J. Agric. Food Chem., 53, 4006–4011, 2005.
[3] Huang, C.J., Cheung, N.S., and Lu, V.R.: Effects of
deteriorated frying oil and dietary protein levels on liverOxidized Frying Oil and α-tocopherol Metabolism
Vol. 45, No. 1, 2009
27
microsomal enzymes in rats. J. Am. Oil Chem. Soc.,  65,
1796–1803, 1988.
[4] Liu, J.F. and Chan, F.C.: Forms of cytochrome P450 in
the liver microsome of oxidized frying oil-fed guinea pigs. J.
Nutr. Sci. Vitaminol., 46, 240–245, 2000.
[5] Chao, P.M., Yang, M.F., Tseng, Y.N., Chang, K.M., Lu, K.S.,
and Huang, C.J.: Peroxisome proliferation in liver of rats fed
oxidized frying oil. J. Nutr. Sci. Vitaminol.,  51, 361–368,
2005.
[6] Sulzle, A., Hirchem, F., and Eder, K.: Thermally oxidized
dietary fat upregulates the expression of target genes of PPA-
Ralpha in rat liver. J. Nutr., 134, 1375–1383, 2004.
[7] Quiles, J.L., Ramirez-Tortosa, M.C., Ibanz, S., Alfonso-
Gonzalez, J., Duthie, G.G., Huertas, J.R., and Mataix, J.:
Vitamin E supplementation increase the stability and the in
vivo antioxidant capacity or refined olive oil. Free Radic.
Res., 31, S129–S135, 1999.
[8] Izaki, Y., Yoshikawa, S., and Uchiyama, M.: Effect of
ingestion of thermally oxidized frying oil on peroxidative
criteria in rats. Lipids, 19, 324–331, 1984.
[9] Liu, J.F. and Huang, C.J.: Tissue α-tocopherol retention in
male rats is compromised by feeding diets containing oxi-
dized frying oil. J. Nutr., 125, 3071–3080, 1995.
[10] Liu, J.F. and Huang, C.J.: Dietary oxidized frying oil
enhances tissue α-tocopherol depletion and radioisotope
tracer excretion in vitamin E-deficient rats. J. Nutr.,  126,
2227–2235, 1996.
[11] Schultz, M., Leist, M., Petrzika, M., Gassmann, B., and
Brigelius-Flohe, R.: Novel urinary metabolite of alpha-
tocopherol, 2,5,7,8-tetramethyl-2(2'-carboxyethyl)-6-hydroxy-
chroman, as an indicator of an adequate vitamin E supply?
Am. J. Clin. Nutr., 62, S1527–S1534, 1995.
[12] Birringer, M., Drogan, D., and Brigelius-Flohe, R.:
Tocopherols are metabolized in HepG2 cells by side chain
ω-oxidation and consecutive β-oxidation. Free Radic. Biol.
Med., 31, 226–232, 2001.
[13] Parker, R.S., Sontag, T.J., and Swanson, J.E.: Cytochrome
P4503A-dependent metabolism of tocopherol and inhibition
by sesamin. Biochem. Biophys. Res. Commun.,  277, 531–
534, 2000.
[14] Bjorneboe, A., Bjorneboe, G.E., and Drevon, C.A.: Serum
half-life, distribution, hepatic uptake and biliary excretion of
alpha-tocopherol in rats. Biochim. Biophys. Acta, 921, 175–
181, 1987.
[15] Gill, D.R., Hyde, S.C., Higgins, C.F., Valverde, M.A.,
Mintenig, G.M., and Sepulveda, F.V.: Separation of drug
transport and chloride channel functions of the human
multidrug resistance P-glycoprotein. Cell, 71, 23–32, 1992.
[16] Abraham, E.H., Prat, A.G., Gerweck, L., Seneveratne, T.,
Arceci, R.J., Kramer, R., Guidotti, G., and Cantiello, H.F.:
The multidrug resistance (mdr1) gene product functions as an
ATP channel. Proc. Natl. Acad. Sci. USA, 90, 312–316, 1993.
[17] Shaw, H.M. and Huang, C.J.: Liver α-tocopherol transfer
protein and its mRNA are differentially altered by vitamin E
deficiency and protein insufficiency in rats. J. Nutr.,  128,
2348–2354, 1998.
[18] Chao, P.M., Huang, H.L., Liao, C.H., Huang, S.T., and
Huang, C.J.: A high oxidised frying oil content diet is less
adipogenic, but induces glucose intolerance in rodents. Br. J.
Nutr., 98, 63–71, 2007.
[19] Li, Y.J. and Shaw, H.M.: Pregnenolone and dexamethasone,
modulators of cytochrome P-450-3A, not increase but reduce
urinary α-CEHC excretion in rats. Bio Factors, 31, 67–76,
2007.
[20] Huang, C.J. and Shaw, H.M.: Tissue vitamin E status is
compromised by dietary protein insufficiency in young
growing rats. J. Nutr., 124, 571–579, 1994.
[21] Tatum, V., Changchit, C., and Chow, C.K.: Measurement of
malondialdehyde by high performance liquid chromato-
graphy with fluorescence detection. Lipids,  25, 226–229,
1990.
[22] Lamboni, C. and Perkins, E.G.: Effects of dietary heated fats
on rat liver enzyme activity. Lipids, 31, 955–962, 1996.
[23] Chao, P.M., Hsu, S.C., Lin, F.J., Li, Y.J., and Huang, C.J.:
The up-regulation of hepatic acyl-CoA oxidase and
cytochrome P450 4A1 mRNA expression by dietary oxidized
frying oil is comparable between male and female rats.
Lipids, 39, 233–238, 2004.
[24] Liao, C.H., Shaw, H.M., and Chao, P.M.: Impairement of
glucose metabolism in mice induced by dietary oxidized
frying oil is different from that induced by conjugated linoleic
acid.  Nutrition, 24, 744–752, 2008.
[25] Eder, K. and Kirchgessner, M.: The effect of dietary vitamin
E supply and a moderately oxidized oil on activities of hepatic
lipogenic enzymes in rats. Lipids, 33, 277–283, 1998.
[26] Eder, K., Suelzle, A., Skufca, P., Brandsch, C., and Hirche,
F.: Effects of dietary thermoxidized fats on expression and
activities of hepatic lipogenic enzymes in rats. Lipids, 38,
31–38, 2003.
[27] Kaikaus, R.M., Chan, W.K., Lysenko, N., Ray, R., Ortiz de
Montellano, P.R., and Bass, N.M.: Induction of peroxisomal
fatty acid beta-oxidation and liver fatty acid-binding protein
by peroxisome proliferators. Mediation via the cytochrome
P-450IVA1 omega-hydroxylase pathway. J. Biol. Chem.,
268, 9593–9603, 1993.
[28] Traber, M.G.: Regulation of human plasma vitamin E. Adv.
Pharmacol., 38, 49–63, 1997.
[29] Ben Hamida, M., Belal, S., Sirugo, G., Ben Hamida, C.,
Panayides, K., Ionannou, P., Beckmann, J., Mandel, J.L.,
Hentati, F., and Koenig, M.: Friedreich’s ataxia phenotype
not linked to chromosome 9 and associated with selective
autosomal recessive vitamin E deficiency in two inbred
Tunisian families. Neurology, 43, 2179–2183, 1993.
[30] Terasawa, Y., Ladha, Z., Leonard, S.W., Morrow, J.D.,
Newland, D., Sanan, D., Packer, L., Traber, M.G., and
Farese, R.V. Jr.: Increased atherosclerosis in hyperlipidemic
mice deficient in alpha-tocopherol transfer protein and
vitamin E. Proc. Natl. Acad. Sci. USA, 97, 13830–13834,
2000.
[31] Leonard, S.W., Terasawa, Y., Farese, R.V.J., and Traber,
M.G.: Incorporation of deuterated RRR- or all rac α-
tocopherol into plasma and tissues of α-tocopherol transfer
protein null mice. Am. J. Nutr., 75, 555–560, 2002.
[32] Ban, R., Takitani, K., Kim, H.S., Murata, T., Morinobu, T.,W.-C. Huang et al.
J. Clin. Biochem. Nutr.
28
and Ogihara, T.: α-Tocopherol transfer protein expression in
rat liver exposed to hyperoxia. Free Radical Res., 36, 933–
938, 2002.
[33] Wu, C.G., Hoek, F.J., Groenink, M., Reitsma, P.H., van
Deventer, S.J., and Chamuleau, R.A.: Correlation of
repressed transcription of alpha-tocopherol transfer protein
with serum alpha-tocopherol during hepatocarcinogenesis.
Int. J. Cancer, 71, 686–690, 1997.
[34] Takenaka, A., Kita, A., Ikeya, M., Arai, H., and Igarashi, K.:
Galactosamine-induced acute liver injury in rats reduces
hepatic α-tocopherol transfer protein production. J. Nutr. Sci.
Vitaminol., 53, 366–371, 2007.
[35] Bella, D.L., Schock, B.C., Lim, Y., Leonard, S.W., Berry, C.,
Cross, C.E., and Traber, M.G.: Regulation of the α-
tocopherol transfer protein in mice: lack of response to
dietary vitamin E or oxidative stress. Lipids, 41, 105–112,
2006.
[36] Leonard, S.W., Gumpricht, E., Devereaux, M.W., Sokol, R.J.,
and Traber, M.G.: Quantitation of rat liver vitamin E metabo-
lism by LC-MS during high-dose vitamin E administration.
J. Lipid Res., 46, 1068–1075, 2005.
[37] Kliewer, S.A., Goodwin, B., and Willson, T.M.: The nuclear
pregnane X receptor: a key regulator of xenobiotic metabo-
lism. Endocr. Rev., 23, 687–702, 2002.
[38] Mustacich, D.J., Shields, J., Horton, R.A., Brown, M.K., and
Reed, D.J.: Biliary secretion of α-tocopherol and the role of
the mdr2 P-glycoprotein in rats and mice. Arch. Biochem.
Biophys., 350, 183–192, 1998.
[39] Yamashita, K., Takeda, N., and Ikeda, S.: Effects of various
tocopherol-containing diets on tocopherol secretion into bile.
Lipids, 35, 163–170, 2000.
[40] Mustacich, D.J., Leonard, S.W., Devereaux, M.W., Sokol,
R.J., and Traber, M.G.: α-Tocopherol regulation of hepatic
cytochrome P450s and ABC transporters in rats. Free Radic.
Biol. Med., 41, 1069–1078, 2006.
[41] Glavinas, H., Krajcsi, P., Cserepes, J., and Sarkadi, B.: The
role of ABC transporters in drug resistance, metabolism and
toxicity. Curr. Drug Delivery, 1, 27–42, 2004.
[42] Choudhuri, S. and Klaassen, C.: Structure, function, expres-
sion, genomic organization, and single nucleotide poly-
morphisms of human ABCB1(MDR1), ABCC (MRP), and
ABCG2 (BCRP) efflux transporters. Int. J. Toxicol., 25, 231–
259, 2006.
[43] Porter, T.D. and Coon, M.J.: Cytochrome P450: Multiplicity
of isoforms, substrates and regulatory mechanisms. J. Biol.
Chem., 266, 13469–13472, 1991.
[44] Halkier, B.A.: Catalytic activities and structure/function
relationships of cytochrome P450 enzymes. Phytochemistry,
43, 1–21, 1996.
[45] White, R.E. and Coon, M.J.: Oxygen activation by cyto-
chrome P450. Ann. Rev. Biochem., 49, 315–356, 1980.
[46] Puntarulo, S. and Cederbaum, A.I.: Production of reactive
oxygen species by microsomes enriched in specific human
cytochrome P450 enzymes. Free Radical Biol. Med.,  24,
1324–1330, 1998.
[47] Leclercq, I.A., Farrell, G.C., Field, J., Bell, D.R., Gonzalez,
F., and Robertson, G.R.: CYP2E1 and CYP4A as microsomal
catalysts of lipid peroxides in murine nonalcoholic steato-
hepatitis. J. Clin. Invest., 105, 1067–1075, 2000.
[48] Baumgdner, J.N., Shankar, K., Hennings, L., Badger, T.M.,
and Ronis, M.J.: A new model for nonalcoholic steato-
hepatitis in the rat utilizing total enternal nutrition to over-
feed a high-polyunsaturated fat diet. Am. J. Physio. Gastro-
intest. Liver Physiol., 294, G27–G38, 2008.
[49] Sinclair, A.J., Barnett, A.H., and Lunec, J.: Free radicals and
antioxidant systems in health and disease. Br. J. Hosp. Med.,
43, 334–344, 1990.
[50] Narasimhamurthy, K. and Raina, P.L.: Long-term feeding
effect of thermally oxidized oils on antioxidant enzymes in
rats.  Indian J. Exp. Biol., 37, 1042–1045, 1999.
[51] American Institute of Nutrition: Report of the American
Institute of Nutrition and hoc committee on standards for
nutritional stidies. J. Nutr., 107, 1340–1348, 1977.
[52] Reeves, P.G., Nielsen, F.H., and Fahey, G.C.: AIN-93 purified
diets for laboratory rodents: final report of the American
Institute of Nutrition Ad Hoc Writing Committee on the
reformulation of the AIN 76-A rodent diet. J. Nutr.,  123,
1939–1951, 1993.
[53] Liu, J.F., Yang, F.L., Wang, T.Y., Cheng, C.M., Shaw, N.S.,
Kao, M.D., Chuang, C.Y., and Huang, C.J.: Analysis of
Vitamin E, Selenium, and Other Nutrients in Planned
Balanced Diets in Taiwan. Nutri. Sci. J., 27, 221–231, 2002
(Taiwan, in Chinese langue).